Mutations in autophagy genes can cause familial and sporadic amyotrophic lateral sclerosis (ALS). However, the role of autophagy in ALS pathogenesis is poorly understood, in part due to the lack of cell type-specific manipulations of this pathway in animal models. Using a mouse model of ALS expressing mutant superoxide dismutase 1 (SOD1 G93A ), we show that motor neurons form large autophagosomes containing ubiquitinated aggregates early in disease progression. To investigate whether this response is protective or detrimental, we generated mice in which the critical autophagy gene Atg7 was specifically disrupted in motor neurons (Atg7 cKO). Atg7 cKO mice were viable but exhibited structural and functional defects at a subset of vulnerable neuromuscular junctions. By crossing Atg7 cKO mice to the SOD1 G93A mouse model, we found that autophagy inhibition accelerated early neuromuscular denervation of the tibialis anterior muscle and the onset of hindlimb tremor. Surprisingly, however, lifespan was extended in Atg7 cKO; SOD1 G93A double-mutant mice. Autophagy inhibition did not prevent motor neuron cell death, but it reduced glial inflammation and blocked activation of the stress-related transcription factor c-Jun in spinal interneurons. We conclude that motor neuron autophagy is required to maintain neuromuscular innervation early in disease but eventually acts in a non-cell-autonomous manner to promote disease progression.
Mutations in autophagy genes can cause familial and sporadic amyotrophic lateral sclerosis (ALS). However, the role of autophagy in ALS pathogenesis is poorly understood, in part due to the lack of cell type-specific manipulations of this pathway in animal models. Using a mouse model of ALS expressing mutant superoxide dismutase 1 (SOD1 G93A ), we show that motor neurons form large autophagosomes containing ubiquitinated aggregates early in disease progression. To investigate whether this response is protective or detrimental, we generated mice in which the critical autophagy gene Atg7 was specifically disrupted in motor neurons (Atg7 cKO). Atg7 cKO mice were viable but exhibited structural and functional defects at a subset of vulnerable neuromuscular junctions. By crossing Atg7 cKO mice to the SOD1 G93A mouse model, we found that autophagy inhibition accelerated early neuromuscular denervation of the tibialis anterior muscle and the onset of hindlimb tremor. Surprisingly, however, lifespan was extended in Atg7 cKO; SOD1 G93A double-mutant mice. Autophagy inhibition did not prevent motor neuron cell death, but it reduced glial inflammation and blocked activation of the stress-related transcription factor c-Jun in spinal interneurons. We conclude that motor neuron autophagy is required to maintain neuromuscular innervation early in disease but eventually acts in a non-cell-autonomous manner to promote disease progression.
amyotrophic lateral sclerosis | motor neuron | autophagy | non-cell autonomous A myotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disease characterized by neuromuscular denervation, motor neuron death, and paralysis. Motor neurons that innervate fast-twitch muscle fibers are the first to degenerate, which leads to focal neurological deficits (1). This is followed by rapid disease progression, eventually leading to pathological changes in other motor neurons, interneurons, and glial cells. The preferential vulnerability of motor neurons and the mechanisms by which pathology spreads to other cell types during disease progression are poorly understood.
A hallmark of ALS pathology is the formation of ubiquitinated inclusion bodies in vulnerable cell types. Many ALS-causing genes encode aggregation-prone proteins, and disease-associated mutations can exacerbate inclusion formation (2, 3) . Protein aggregation in ALS may be further propagated by prion-like template-directed misfolding (4) . Another group of ALS-causing genes, including p62/SQSTM1, OPTN, TBK1, and VCP, converges on the macroautophagy pathway (5, 6) . In particular, TBK1 lies at the interface of innate immunity and autophagy, as it binds to and phosphorylates multiple components of these pathways (7) . Remarkably, although the pathological consequences of C9ORF72 hexanucleotide repeat expansions have been well documented, recent studies have shown that the C9orf72 protein plays a role in macroautophagy as a part of a complex that is a phosphorylation target of TBK1 (8, 9) . Taken together, the human genetic data suggest that the formation of ALS-associated protein aggregates is countered by macroautophagy and that mutations that adversely affect aggregate formation or removal can lead to ALS. Additionally, it is possible that aberrant or excessive activation of macroautophagy could contribute to neurodegeneration.
Macroautophagy, hereafter denoted as "autophagy," is a degradative mechanism in which a double-membrane autophagosome engulfs cytoplasmic substrates and subsequently fuses with the lysosome. Selective autophagy receptors such as p62 and OPTN bind specific substrates and guide them to nascent autophagosomes via their interaction with Atg8 homologs such as MAP1LC3 or GABARAP proteins (10) . Although mutations in the autophagy pathway account for a small fraction of ALS cases, the ubiquitous accumulation of p62 in patient motor neurons suggests that dysregulation of this pathway may be a common feature of the disease (11) .
In addition to participating in the removal of pathological protein aggregates, neuronal autophagy is also involved in cellular remodeling events. For example, inhibition of autophagy in dopaminergic neurons leads to striking changes in presynaptic structure and function (12, 13) and can affect developmental synaptic pruning in cortical neurons (14) . Despite these intriguing results, the role of autophagy at the mammalian neuromuscular junction (NMJ) is not well understood.
Several studies have investigated the role of autophagy in transgenic mice expressing mutant forms of superoxide dismutase (SOD1)
Significance
Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease that leads to death of spinal motor neurons and paralysis. Genetic studies of ALS patients have identified mutations in autophagy pathway genes including p62/SQSTM1, OPTN, TBK1, VCP, and C9ORF72. However, the mechanisms by which these mutations cause ALS are not understood. Here we investigated the role of autophagy in a mouse model of ALS by specifically disrupting the critical autophagy gene Atg7 in motor neurons. We found that inhibition of autophagy in motor neurons accelerated disease onset but prolonged lifespan. This increase in longevity was associated with a reduction in glial inflammation and interneuron pathology, indicating a non-cell-autonomous role for motor neuron autophagy in disease pathogenesis. that cause ALS in human patients. Autophagy induction by rapamycin was found to reduce lifespan, suggesting that autophagy may play a detrimental role in disease pathogenesis (15) . Subsequent pharmacological and genetic studies have yielded conflicting results, but they are complicated by the nonspecific nature of the manipulations (16) (17) (18) (19) (20) (21) (22) . To date, cell type-specific manipulation of the autophagy pathway in ALS mouse models has not been reported.
Here, we characterize autophagy abnormalities in the SOD1 G93A mouse model of ALS and find that the autophagy machinery is differentially recruited to ubiquitinated aggregates early and late in disease. Early in disease, vulnerable motor neurons form large autophagosomes containing ubiquitinated cargo recognized by the selective autophagy receptor p62. Other motor neurons and interneurons do not engulf cargo within autophagosomes and instead accumulate somatodendritic aggregates late in disease. Based on these results, we hypothesized that autophagy likely plays distinct roles early and late in disease progression. To test this hypothesis, we genetically suppressed autophagy in SOD1 G93A mice by conditionally disrupting the critical autophagy gene Atg7 in motor neurons. We found that autophagy inhibition accelerated denervation of the vulnerable tibialis anterior muscle and the onset of hindlimb tremor in Atg7 conditional knockout (cKO); SOD1 G93A mice. Unexpectedly, however, autophagy inhibition also increased lifespan and decreased pathology in interneurons and glia. On the basis of these data, we propose that autophagy in motor neurons plays a protective role early in disease but eventually contributes to neurodegeneration in a non-cell-autonomous manner.
Results
Neuronal Subtype-Specific Aggregation of p62 in SOD1 G93A Spinal Cord.
As a first step in understanding the role of autophagy in ALS, we characterized the autophagy pathway in the SOD1 G93A mouse model. Given the ubiquitous presence of p62 in ALS protein aggregates (11), we examined p62 pathology in the SOD1 G93A spinal cord. We identified motor neurons in the lumbar spinal cord using immunofluorescent labeling of choline acetyltransferase (ChAT). While WT motor neurons showed a diffuse cytoplasmic distribution of p62, a subset of SOD1 G93A motor neurons displayed p62 aggregates as early as postnatal day (P)50, well before symptom onset (Fig. 1A) . High magnification revealed two distinct types of inclusions. In some SOD1
G93A motor neurons, p62 formed round bodies (RBs) measuring over 3 μm in diameter, whereas in others p62 formed skein-like inclusions (SLIs) that localized to the cell soma and dendrites (Fig. 1B) . We quantified the abundance of these two types of aggregates over the course of disease progression. RBs were most abundant at P50 but became progressively less abundant with disease progression (6.17% of motor neurons at P50 vs. 0.56% at P150) (Fig. 1C) . In contrast, SLIs were rare at the P50 time point but became more prevalent over the course of disease progression (0.85% of motor neurons at P50 vs. 10.05% at P150) (Fig. 1C) . To avoid misinterpretation of these results due to motor neuron loss during disease progression, we also analyzed the absolute number of motor neurons with RBs and SLIs per ventral horn and found the same trends were present (Fig. S1A) .
In addition to the time-dependent change in the prevalence of inclusion types, we also found that the different inclusion types segregated into distinct motor neuron populations. We found that motor neurons with RBs were the largest in the ventral horn, whereas motor neurons containing SLIs were similar in size to unaffected cells (Fig. S1B) . The large size of RB-containing cells suggested that they might be fast motor neurons. Indeed, we found that they stained positive for matrix metalloproteinase-9 (MMP-9), a molecular marker for this vulnerable motor neuron subtype ( Fig. 1D and Fig. S1C ) (23) . This observation suggests that RBs form specifically in fast motor neurons early in disease. In contrast, SLIs formed in motor neurons with lower MMP-9 expression and variable NeuN immunoreactivity (Fig. S1D) , suggesting that they formed in slow alpha motor neurons as well as in smaller, NeuN-negative gamma motor neurons. To determine whether p62 aggregation was specific to motor neurons, we asked whether p62 colocalized with additional celltype markers. We did not observe colocalization of p62 with the astrocyte marker GFAP or the microglial marker Iba1 (Fig. S1 E and F). However, we did observe the formation of SLIs outside the ventral horn late in disease progression. We found that these cells stained positive for Nissl substance but negative for ChAT, indicating that they were interneurons (Fig. S1G) . Their identity as interneurons was further confirmed by staining with the calcium-binding protein parvalbumin, which labeled a subset of the affected cells (Fig. 1E) . Quantification of interneuron SLIs revealed a progressive accumulation that became especially prominent at the P150 time point (Fig. S1H) . Thus, while SLIs first occurred in motor neurons, this marker of pathology eventually appeared in spinal interneurons.
Atg8 Homologs Surround RBs but Not SLIs. Autophagy receptors such as p62 link ubiquitinated proteins to Atg8 homologs via a ubiquitinassociated domain (UBA) and an LC3-interacting region (LIR) (24) . Consistent with this role, p62-positive RBs and SLIs both stained positive for ubiquitin ( Fig. 2A) . While the full complement of ubiquitinated proteins in these inclusions remains unknown, we found that SOD1 selectively accumulated in SLIs but not in RBs (Fig. S2 ). The absence of SOD1 immunoreactivity in RBs may reflect limited antibody accessibility, or RBs may primarily contain other ubiquitinated cargo such as damaged mitochondria, as has been previously described (25) .
We next asked whether p62 recruits Atg8 homologs to these ubiquitinated aggregates. We identified only weak LC3B immunoreactivity on the periphery of RBs (Fig. S3A) . To circumvent limitations associated with antibody labeling, we bred SOD1 G93A mice to GFP-LC3 transgenic mice to visualize autophagosomes (26) . Using this genetically encoded reporter, we found that RBs were surrounded by GFP-LC3, whereas this marker was largely absent in SLIs (Fig. S3B) .
Despite the widespread use of LC3 as an autophagosome marker, other Atg8 homologs may be equally important. In particular, GABARAPL1 is expressed at high levels in spinal motor neurons (27, 28) . We found that GABARAPL1 formed small, punctate structures in WT motor neurons (Fig. 2B ). In SOD1 G93A motor neurons, GABARAPL1 robustly labeled p62-positive RBs, and this labeling was even more pronounced than LC3. Nonetheless, consistent with LC3 localization, GABARAPL1 was not observed surrounding SLIs (Fig. 2B) . Based on the differential pattern of labeling with two different Atg8 homologs, we conclude that the RBs but not SLIs correspond to mature autophagosomes.
We hypothesized that the accumulation of ubiquitinated cargo without corresponding recruitment of the downstream autophagy machinery might lead to a cellular stress response. In particular, up-regulation of phosphorylated c-Jun (p-c-Jun) has been described in the nuclei of both motor neurons and interneurons containing ubiquitinated aggregates in SOD1 G93A mice (29) . We found that nuclear p-c-Jun was specifically up-regulated in motor neurons with SLIs but rarely in motor neurons with RBs ( Fig. 2 C  and D) . This observation suggests that failure to engulf cargo within GABARAPL1-positive autophagosomes is indeed associated with a neuronal stress response.
The recruitment of p62 to ubiquitinated aggregates might play a critical role in disease pathogenesis, or it may act cooperatively with other autophagy receptors. In support of the latter hypothesis, we found that the autophagy receptor NBR1 colocalized with p62 in RBs and SLIs ( Fig. S4 A and B) . Moreover, genetic deletion of p62 in SOD1 G93A mice did not block GABARAPL1 recruitment or p-c-Jun activation and failed to alter the disease phenotype ( Fig. S4 C-E). Taken together, these results suggest that p62 is functionally redundant with other selective autophagy receptors.
Autophagy Is Dispensable for Motor Neuron Survival but Regulates
Synaptic Structure and Function. To better understand the role of autophagy in disease, we sought to achieve robust inhibition of autophagy in motor neurons. To do this, we used cKO mice for Atg7, an E1-like enzyme required for autophagosome biogenesis (30) . We generated motor neuron-specific autophagy-deficient mice by crossing Atg7 flox/flox mice to ChAT-Cre mice (Atg7 cKO) and compared them with littermate controls with intact Atg7 expression (Atg7 cWT). Autophagy deficiency in Atg7 cKO mice was confirmed by Western blot analysis of Atg5, LC3, and p62 ( Fig.  3 A and B) . Loss of Atg7 enzymatic activity led to the accumulation of monomeric Atg5 not conjugated to Atg12 and reduced the conversion of LC3 I to LC3 II. Autophagy deficiency also led to dramatic accumulation of p62, and immunofluorescence analysis confirmed that p62 predominantly accumulated within Atg7 cKO motor neuron cell bodies and neurites ( Fig. 3C and Fig. S5A ). As expected, recombination was also evident in a small population of cholinergic interneurons (Fig. S5B ), but this was tolerated because they do not play an essential role in locomotion (31) . At the ultrastructural level, large p62 bodies associated with motor neuron autophagy inhibition appeared as characteristic amorphous inclusions (Fig. S5C ). To confirm that other degradative pathways remained intact, we measured proteasome abundance and activity G93A motor neurons with RBs, SLIs, and those without p62 aggregates. Fluorescence intensity was normalized to the WT level and expressed as arbitrary units (au). n = 3 P100 animals per genotype. Data are shown as mean ± SEM; ****P < 0.0001 (one-way ANOVA, Tukey's post hoc test).
in Atg7 cWT and Atg7 cKO spinal cord lysates and found no significant differences (Fig. S5 D-F) .
Before breeding Atg7 cKO mice to the SOD1 G93A mouse model, we asked whether inhibition of motor neuron autophagy alone was sufficient to cause neurodegeneration. Consistent with a previous report, Atg7 cKO mice were viable and did not display overt neurological defects (32) . We quantified the number of ChAT-positive motor neurons in the L4-L5 spinal segments and found no effect of autophagy inhibition (Fig. S5G) . Morphometric analysis revealed that Atg7 cKO motor neurons were 37% larger than in Atg7 cWT controls, although the normal bimodal size distribution of the motor neurons was maintained (Fig. S5 H  and I) . We conclude that autophagy in motor neurons is dispensable for cell survival but negatively regulates cell size.
Neuronal autophagy may play a specialized role in the regulation of axonal and synaptic morphology. To determine the effect of autophagy inhibition on motor neuron presynaptic terminals, we investigated NMJs in Atg7 cKO mice. We began by visualizing the innervation of synaptophysin-positive presynaptic terminals onto α-bungarotoxin-positive postsynaptic acetylcholine receptors in the tibialis anterior muscle. Consistent with intact motor function in Atg7 cKO mice, we found that the vast majority of NMJs maintained normal innervation (Fig. 3 D and E) . However, some denervated endplates were observed (Fig. 3D) , and there was an overall trend toward denervation relative to Atg7 cWT controls (Fig. 3E) . We confirmed neuromuscular denervation of the tibialis anterior using electron microscopy. In control mice we observed normal apposition of the presynaptic terminal and motor endplate. While intact NMJs were also observed in Atg7 cKO mice, some NMJs exhibited postsynaptic folds with no presynaptic axon terminal apposed to them (Fig. S5J) .
In contrast to the tibialis anterior muscle, which is primarily composed of fast-twitch muscle fibers that are denervated early in SOD1 G93A disease progression, the soleus is composed of slow-twitch fibers that maintain innervation until late stages of disease (33) . We investigated neuromuscular innervation in the soleus and found no evidence of endplate denervation (Fig. 3E) , suggesting that autophagy inhibition selectively compromised the integrity of NMJs known to be vulnerable in ALS.
To investigate whether neurotransmission was altered by autophagy inhibition, we recorded electrophysiological activity at NMJs. We found that endplate current (EPC) amplitude evoked by nerve stimulation was markedly decreased at tibialis anterior NMJs in Atg7 cKO mice, but similar defects were not observed at soleus NMJs (Fig. 3 F and G) . A single EPC reflects the simultaneous release of many synaptic vesicles, while a miniature endplate current (mEPC) reflects a single vesicle-release event. We found that mEPC amplitude was reduced at tibialis anterior NMJs, suggesting that this was a major contributor to reduced EPC amplitude in mutant mice (Fig. 3H) . In addition, the number of synaptic vesicles released (the quantal content) was severely reduced at a subset of tibialis anterior NMJs (Fig. 3 I and J) . Thus, defects in both mEPC amplitude and quantal content contributed to reduced EPC amplitude in Atg7 cKO mice, and both these parameters were selectively (Fig. S5 K  and L) . These data suggest that autophagy inhibition in motor neurons results in multiple abnormalities in neurotransmission that are particularly severe at tibialis anterior NMJs.
Inhibition of Motor Neuron Autophagy Accelerates Disease Onset but Extends Lifespan in SOD1
G93A Mice. To investigate the involvement of motor neuron autophagy in ALS disease pathogenesis, we bred Atg7 cKO mice to SOD1 G93A mice to generate Atg7 cKO; SOD1 G93A double-mutant mice. We hypothesized that structural and functional defects at motor neuron presynaptic terminals might exacerbate neuromuscular denervation in SOD1 G93A mice. However, temporal changes in p62 aggregation and the recruitment of Atg8 homologs suggested that the role of autophagy, and therefore the effects of autophagy inhibition, could vary during the course of disease progression.
To measure disease onset in Atg7 cKO; SOD1 G93A mice, we monitored mice for the onset of hindlimb tremor and the onset of disease-associated weight loss. We found that Atg7 cKO; SOD1 G93A mice exhibited accelerated onset of hindlimb tremor compared with Atg7 cWT; SOD1
G93A controls (median age of onset: 78 d versus 100 d) (Fig. 4A) . Although this metric of disease onset was robustly accelerated, we did not find any difference in the onset of diseaseassociated weight loss between Atg7 cKO; SOD1 G93A mice and Atg7 WT; SOD1
G93A controls (median age of onset: 105 d versus 98 d) (Fig. 4B ). These data indicate that the two metrics of disease onset can be uncoupled and that motor neuron autophagy inhibition specifically accelerates early signs of neurological dysfunction.
We measured lifespan by determining the age at which diseaseassociated paralysis prevented a mouse from righting itself after being placed on its side. Surprisingly, we found a dramatic 21.7% extension of lifespan in Atg7 cKO; SOD1 G93A mice compared with Atg7 cWT; SOD1 G93A controls (median age of disease end stage: 185 d versus 152 d) (Fig. 4C) . Thus, despite the fact that motor neuron autophagy inhibition accelerated disease onset, this manipulation eventually delayed the later stages of SOD1 G93A disease progression.
We next asked whether changes in symptom onset and lifespan could be explained by changes in motor neuron survival. We quantified the number of ChAT-positive motor neurons in the L4-L5 lumbar segments across the course of disease progression. As expected, Atg7 cWT; SOD1 G93A mice exhibited gradual degeneration of motor neurons that became significant at P150. However, in contrast to the striking phenotypic changes observed upon motor neuron autophagy inhibition, we did not find any significant differences in motor neuron survival in Atg7 cKO; SOD1 G93A mice ( Fig. S6 A and B) . These data indicate that the effect of motor neuron autophagy inhibition on lifespan is not due to enhanced motor neuron survival. We also examined whether the distribution of SOD1 was altered in Atg7 cKO; SOD1 G93A motor neurons. While it appeared to be excluded from large p62 bodies associated with autophagy inhibition, the distribution was otherwise similar to that observed in Atg7 cWT; SOD1 G93A mice (Fig. S6C ). NMJ degeneration precedes motor neuron loss in SOD1 G93A mice and therefore serves as a highly sensitive anatomical correlate of disease. As expected, we observed progressive denervation of the fast tibialis anterior muscle during the course of disease G93A mice relative to Atg7 cWT; SOD1 G93A controls. Log-rank test = 21.49; P < 0.0001. (B) Genotype had no effect on the onset of weight loss. Log-rank test = 0.1039; P = 0.7472. (C) Lifespan is extended by 21.7% in Atg7 cKO; SOD1 G93A mice relative to Atg7 cWT; SOD1 G93A controls. Log-rank test = 38.03; P < 0.0001. n = 23 animals per genotype. (D) Tibialis anterior NMJs revealed by presynaptic synaptophysin (green) and postsynaptic α-bungarotoxin (red) labeling. (Scale bars, 50 μm.) (E) Autophagy inhibition increases denervation of the tibialis anterior at P50 but preserves synaptic innervation at P150. n = 3-5 animals per genotype per time point. Data are shown as mean ± SEM; *P < 0.05, **P < 0.01, ****P < 0.0001 (two-way ANOVA, Tukey's post hoc test). (F) Soleus NMJs revealed by presynaptic synaptophysin (green) and postsynaptic α-bungarotoxin (red) labeling. (Scale bars, 50 μm.) (G) Autophagy inhibition reduces denervation of the soleus at P150. n = 3-5 animals per genotype per time point. Data are shown as mean ± SEM; **P < 0.01, ****P < 0.0001 (two-way ANOVA, Tukey's post hoc test).
progression in Atg7 cWT; SOD1 G93A controls. However, autophagy inhibition in motor neurons altered the course of denervation. Initial denervation was markedly accelerated in Atg7 cKO; SOD1 G93A mice. Nonetheless, by P150 they retained a higher percentage of innervated NMJs than their Atg7 cWT; SOD1 G93A counterparts (Fig. 4 D and E) . Thus, loss of autophagy in motor neurons accelerated early denervation of the tibialis anterior but eventually preserved NMJ innervation late in disease. This may reflect slowing of denervation late in disease, increased reinnervation, or a combination of both these processes (34) .
We next extended our analysis of neuromuscular innervation to the soleus muscle. Consistent with the relative resistance of the soleus in motor neuron disease, we did not detect denervation in any genotype until P150. At this time point, Atg7 cWT; SOD1 G93A mice showed significant denervation that was attenuated in Atg7 cKO; SOD1 G93A mice (Fig. 4 F and G) . Thus, in contrast to the tibialis anterior, motor neuron autophagy inhibition had no effect on neuromuscular innervation of the soleus early in disease. However, as in the tibialis anterior, loss of motor neuron autophagy preserved neuromuscular innervation late in disease.
Non-Cell-Autonomous Effect of Motor Neuron Autophagy on Glia and
Interneuron Pathology. The expression of mutant SOD1 causes early motor neuron degeneration through cell-autonomous mechanisms, whereas further disease progression is mediated largely by other cell types such as astrocytes and microglia (35, 36) . We therefore investigated whether the loss of autophagy in motor neurons influenced glial reactivity late in disease progression. To measure astrogliosis, we quantified GFAP immunoreactivity in the ventral horn, intermediate zone, and dorsal horn. We observed dramatic up-regulation of GFAP along the entire dorsal-ventral axis of the spinal cord in Atg7 cWT; SOD1 G93A mice compared with Atg7 cWT controls. In contrast, we found a global reduction of this marker in spinal cord sections from P150 Atg7 cKO; SOD1 G93A mice ( Fig. 5 A and B) . Immunostaining microglia with an antibody against Iba1 revealed a similar effect of motor neuron autophagy inhibition. Microglial activation was barely detectable in the P150 Atg7 cKO; SOD1 G93A spinal cord ( Fig. 5 C and D) . Thus, microglia may be more directly affected by the loss of autophagy in motor neurons, whereas altered astrogliosis could be secondary to changes in microglial activation.
Finally, we examined spinal interneurons, which develop SLI pathology late in disease progression (Fig. S1H) . Strikingly, SLIs were virtually absent from spinal interneurons in Atg7 cKO; SOD1 G93A mice at P150 (Fig. 5E) . We quantified the percent of Nissl-positive, ChAT-negative interneurons with SLI pathology and found a significant reduction in Atg7 cKO; SOD1 G93A mice relative to Atg7 cWT; SOD1 G93A controls (Fig. 5F ). In contrast, loss of autophagy had no effect on the percentage of motor neurons with SLIs (Fig. 5F ). Interneuron pathology and glial activation did eventually become evident in end-stage Atg7 cKO; SOD1 G93A mice (Fig. S7) , suggesting that these processes were delayed, but not completely blocked, by motor neuron autophagy inhibition.
We hypothesized that the delay in interneuron SLI formation might lead to a corresponding reduction in SOD1 aggregation. Similar to motor neurons, we found that misfolded SOD1 colocalized with p62 in interneuron SLIs (Fig. S8A) . Furthermore, the previously reported (37) biochemical interaction between p62 and mutant SOD1 was strongest at disease end stage, when SLI pathology is most abundant (Fig. S8B) . Consistent with reduced interneuron pathology in Atg7 cKO; SOD1 G93A spinal cords relative to Atg7 cWT; SOD1 G93A controls, the interaction between p62 and SOD1 was dramatically reduced by autophagy inhibition (Fig.  S8 C and D) . Importantly, this reduction in binding was accompanied by a twofold reduction in the amount of insoluble SOD1 (Fig. S8 E and F) .
The reduction in SLI pathology was also associated with dramatically reduced p-c-Jun immunoreactivity in the nuclei of spinal interneurons (Fig. 5E, Inset) , which was also evident from Western blotting of spinal cord lysates (Fig. 5G) . Quantification confirmed the presence of increased p-c-Jun in lysates from Atg7 cWT; SOD1 G93A mice but not Atg7 cKO; SOD1 G93A mice (Fig. 5H) . Thus, autophagy inhibition in motor neurons led to a non-cell-autonomous reduction in p62 aggregation and p-c-Jun up-regulation in spinal interneurons.
Inhibition of Motor Neuron Autophagy Mitigates Disease-Associated
Transcriptional Signature. The expression of mutant SOD1 leads to complex transcriptional changes in motor neurons and other spinal cord cell types (38) . We reasoned that reduced glia and interneuron pathology in Atg7 cKO; SOD1 G93A mice would attenuate these pathological changes in gene expression. To test this hypothesis, we sequenced RNA from P150 lumbar spinal cords and analyzed gene expression. Hierarchical clustering of the RNAsequencing (RNA-seq) data revealed that the loss of motor neuron autophagy had very little influence on gene expression in the absence of disease (Fig. S9A) . However, in the context of mutant SOD1 expression, motor neuron autophagy inhibition caused many genes to be differentially expressed (Fig. S9B) . Using gene set enrichment analysis (GSEA), we identified pathways involved in innate immunity and cytokine signaling as the pathways most differentially enriched in Atg7 cWT; SOD1 G93A mice relative to Atg7 cKO; SOD1 G93A mice (Fig. S9C) . In contrast, pathways involved in neuronal function and synaptic transmission were the pathways most differentially enriched in Atg7 cKO; SOD1 G93A mice relative to Atg7 cWT; SOD1 G93A mice (Fig. S9C ). To specifically address the transcriptional activity of c-Jun, we analyzed a group of experimentally validated neuronal c-Jun target genes (39) . We observed specific up-regulation of these genes in Atg7 cWT; SOD1 G93A spinal cords that was not observed in Atg7 cKO; SOD1 G93A spinal cords (Fig. 6A) . Thus, the reduction in SLI pathology in spinal interneurons leads to a corresponding decrease in the transcription of neuronal c-Jun target genes.
Finally, we analyzed our RNA-seq data to address changes in the cellularity of the spinal cord in different genotypes. To do this, we used cell type-specific transcriptional signatures identified by previous studies (38, (40) (41) (42) (43) . We found selective enrichment of astrocyte and microglial markers in Atg7 cWT; SOD1 G93A mice that was not observed in Atg7 cKO; SOD1 G93A mice. We also found that motor neuron markers were depleted in SOD1 G93A mice regardless of autophagy inhibition. This is in contrast to general neuronal markers, which were specifically depleted in Atg7 cWT; SOD1 G93A mice but were relatively preserved in Atg7 cKO; SOD1 G93A mice (Fig. 6B) . Thus, the transcriptional data are consistent with our histological findings: Autophagy inhibition had little effect on motor neuron abundance but led to non-cellautonomous effects on other neuronal subtypes and glial cells.
Discussion
Here we show that autophagy in motor neurons plays counteracting roles early and late in disease progression in the SOD1 G93A mouse model of ALS. Early in disease progression, vulnerable motor neurons form large GABARAPL1-positive autophagosomes containing ubiquitinated cargo recognized by p62. Inhibition of motor neuron autophagy in SOD1 G93A mice accelerates the denervation of fast muscle fibers and the onset of tremor, indicating that autophagy plays a beneficial role early in disease. Late in disease, p62 aggregates are not engulfed by autophagy machinery, and this is associated with up-regulation of p-c-Jun in interneurons and widespread glial activation. Inhibition of motor neuron autophagy attenuates these pathological changes and extends lifespan, indicating that autophagy plays a detrimental role late in disease. Neuronal Subtype-Specific Dependence on Autophagy. Most ALScausing mutations are found in genes that are ubiquitously expressed, but motor neurons are especially vulnerable to these genetic insults. Even among these cells, fast motor neurons degenerate early, whereas other motor neurons do not degenerate until late in disease (1) . Understanding the cellular properties that confer vulnerability to some motor neurons and resilience to others could help identify novel therapeutic strategies.
Our results reveal unexpected diversity in the regulation of neuronal autophagy in disease. Several lines of evidence suggest that the most vulnerable fast motor neurons are also the most dependent on autophagy. First, recruitment of Atg8 homologs to pathological protein aggregates recognized by p62 selectively occurs in the largest, MMP-9-positive motor neurons. Second, inhibition of autophagy through targeted disruption of Atg7 leads to structural and functional defects at a subset of tibialis anterior NMJs without causing similar defects at soleus NMJs. Third, breeding these mice to the SOD1 G93A mouse model leads to accelerated denervation of the tibialis anterior early in disease, whereas autophagy inhibition does not similarly accelerate denervation of the soleus. In contrast, the only effect of autophagy inhibition in the soleus was to maintain neuromuscular innervation late in disease.
We found that loss of autophagy also accelerated the onset of hindlimb tremor in Atg7 cKO; SOD1 G93A mice. Tremor in this mouse model likely reflects dysfunction in the motor neuronRenshaw cell circuit, which is involved in the suppression of tremor through feedback inhibition (44, 45) . Fast motor neurons activate Renshaw cells to a much greater extent than slow motor neurons (46) , suggesting that acceleration of tremor reflects specific dysfunction in fast motor units in Atg7 cKO; SOD1 G93A mice. However, we cannot rule out the possibility that autophagy inhibition in ChAT-positive cells other than motor neurons could also contribute to the earlier onset of tremor in these mice.
The dependence of fast motor neurons on autophagy may be one of the factors that render them more vulnerable in disease. SOD1 G93A motor neurons progressively lose lysosomal function during disease progression (25) . Because fast motor neurons are especially dependent on autophagy, downstream defects in autophagic flux may preferentially affect these cells. In contrast, because autophagy machinery is not recruited to ubiquitinated aggregates in other motor neurons and interneurons, they may be more tolerant of lysosomal dysfunction. Nonetheless, unopposed somatodendritic accumulation of ubiquitinated proteins may eventually harm these cells through independent mechanisms, leading to the up-regulation of p-c-Jun and an inflammatory response.
Autophagy Regulates NMJ Structure and Function. Our findings support a role for neuronal autophagy in the regulation of presynaptic terminals. Despite the dramatic accumulation of p62-positive inclusions in Atg7 cKO motor neurons, we did not detect overt cell death. However, abnormalities in presynaptic structure were readily observed by light and electron microscopy. These changes were also accompanied by altered neurotransmission. Some of these electrophysiological abnormalities, such as decreased quantal content at a subset of tibialis anterior NMJs, clearly reflect defects in presynaptic function. A role for autophagy at the synapse was also apparent upon crossing Atg7 cKO mice to the SOD1 G93A mouse model. Even in presence of mutant SOD1 expression, autophagy inhibition selectively modulated neuromuscular denervation without affecting the rate of motor neuron cell death.
A presynaptic role for autophagy is also consistent with previous studies. In both Purkinje and midbrain dopaminergic neurons the loss of Atg7 leads to degenerative changes at presynaptic terminals (12, 13, 47) . These studies clearly demonstrate a role for autophagy at the synapse, but generally only a subset of synapses is affected. While it is possible that the effects of autophagy inhibition are simply stochastic, the incomplete penetrance of these phenotypes may also reflect latent neuronal heterogeneity. This scenario is consistent with our finding that motor neuron subtypes are differentially dependent on autophagy for maintaining neuromuscular innervation.
The mechanism by which autophagy regulates presynaptic structure and function remains unclear. It has been demonstrated that autophagosomes can form distally at the synapse and retrogradely transport cargo for degradation (48) . Thus, autophagy may be directly involved in recycling synaptic contents. Alternatively, it may influence synaptic innervation indirectly, perhaps via a signaling intermediate. For example, autophagy promotes neuromuscular innervation in Drosophila through the down-regulation of Highwire, an E3 ubiquitin ligase that negatively regulates NMJ growth (49) . Mammalian motor neurons may use similar mechanisms, or it is possible that autophagic turnover of other substrates such as mitochondria is required for maintaining metabolically demanding structures such as long axons. Future studies can elucidate the specific cargos that are degraded by autophagy in motor neurons and how these substrates may change during the course of disease.
Late in disease, we find that autophagy inhibition in motor neurons helps preserve neuromuscular innervation. This effect occurs at a time point when the most vulnerable fast motor neurons have already degenerated (23) , suggesting that other motor neuron subtypes may benefit from loss of autophagy. This protection could be partially cell autonomous, as neuronal autophagy may participate in some forms of synaptic pruning (14) . However, our data strongly support a non-cell-autonomous component in the improved phenotype of Atg7 cKO; SOD1 G93A mice.
Loss of Motor Neuron Autophagy Delays Interneuron and Glial
Pathology. A defining feature of human ALS is the relentless progression of motor dysfunction. Although the initial site of symptom onset is focal, symptoms quickly spread in a manner reflective of the underlying organization of neuronal circuitry (50, 51) . Elucidating the cellular processes involved in disease spread could have profound therapeutic value for patients in the early stages of the disease. We find that p62 aggregates in motor neurons temporally precede SLI pathology in spinal interneurons. This is consistent with previous reports of interneuron degeneration in ALS patients and mouse models (52) (53) (54) . Interneuron pathology was associated with up-regulation of p-c-Jun, a transcription factor that is aberrantly activated in ALS patients and may contribute to neurodegeneration by promoting the transcription of proapoptotic factors (39, 55) . Aggregation of p62 and p-c-Jun up-regulation in interneurons occurs in tandem with astrogliosis and microgliosis, suggesting that these may be interrelated processes that contribute to the development of paralysis late in disease. From our results, we cannot determine whether the progression of pathology from motor neurons to interneurons is mediated by the direct spread of misfolded proteins. An alternative explanation is that these cell types simply have different intrinsic thresholds for aggregation. Nonetheless, our results do indicate that motor neuron autophagy has a non-cell-autonomous influence on the formation of protein aggregates in interneurons and glial inflammation.
Unexpectedly, activation of astrocytes and microglia was suppressed in Atg7 cKO; SOD1 G93A mice, and the formation of p62 aggregates in interneurons was greatly reduced. This was accompanied by decreased transcription of genes involved in innate immunity, cytokine signaling, and the p-c-Jun transcriptional stress response. Although early transcriptional changes in mice expressing mutant SOD1 may be due to pathological changes within motor neurons, the neuroinflammatory signature at disease end stage is thought to be due to secondary RNA dysregulation in other cell types (56) . Therefore, the reduced activation of these pathways in Atg7 cKO; SOD1 G93A mice likely reflects a failure of autophagydeficient motor neurons to trigger pathological changes in neighboring glia and interneurons.
Our results suggest that motor neuron autophagy promotes the progression of ALS-associated pathology in other cell types. This is consistent with accumulating evidence suggesting a role for autophagy in the spread of neurodegeneration. In a mouse model of Alzheimer's disease, loss of Atg7 dramatically reduced the amount of extracellular Aβ (57) . In Parkinson's disease, autophagy has been implicated in the unconventional secretion of α-synuclein (58) . This is consistent with accumulating evidence that autophagy and exosome release are coupled (59) and that aggregated proteins may be released from cells through exosomes (60) . Thus, future work must examine whether similar autophagy-dependent secretory pathways are involved in ALS pathogenesis.
Our results build on previous studies of autophagy in mice expressing mutant SOD1. Rapamycin administration activated autophagy and exacerbated disease, whereas haploinsufficiency for Beclin-1 inhibited autophagy and extended survival (15, 19) . Despite demonstrating a detrimental role for autophagy, these phenotypes likely reflect the composite effects of manipulating many different cell types. We extend these findings by showing that inhibition of autophagy specifically in motor neurons is sufficient to prolong lifespan. Our targeted manipulation also revealed a striking non-cell-autonomous role for motor neuron autophagy in the progression of disease pathology. By applying a similar approach to other spinal cord cell types, we will be able to further refine our understanding of autophagy in ALS pathogenesis.
Promoting the degradation of protein aggregates by autophagy is an attractive strategy in the treatment of neurodegenerative disease, but our study implies that great care must be taken in targeting this pathway. We show that inhibiting autophagy can have radically different effects early and late in disease progression. Any therapeutic approaches must take into account these highly context-dependent effects.
Materials and Methods
Animals. All mouse experimental procedures were approved by the Columbia University Medical Center Institutional Animal Care and Use Committee. All survival studies were performed with SOD1
G93A transgenic mice on a C57/Bl6 genetic background. Mice were monitored for weight, tremor, and righting reflex to determine disease onset and lifespan (details are given in SI Materials and Methods).
Immunohistochemistry. All mouse tissue was fixed in 4% paraformaldehyde (PFA). Muscles were embedded and frozen at −80°C before cryosectioning. Lumbar spinal cords were processed using a vibratome to generate freefloating sections. Tissue samples were blocked before incubating with primary and secondary antibodies (details are given in SI Materials and Methods).
Confocal Microscopy. Immunofluorescent labeling was visualized using an Olympus FV1000 confocal microscope. Analysis of muscle innervation was performed using CANJI, a custom image-analysis suite. Motor neuron, astrocyte, microglia, and interneuron analyses were performed using ImageJ (details are given in SI Materials and Methods).
Electrophysiology. The experimental procedures used to measure endplate currents at the mouse NMJ have been described previously (61) . All electrophysiology was performed in muscles dissected from P100 mice (details are given in SI Materials and Methods).
Electron Microscopy. Tibialis anterior muscles were fixed with 4% PFA and 2.5% glutaraldehyde. Vibratome sections were processed using the sequential osmium tetroxide-thiocarbohydrazide-osmium (OTO) method as described previously (62) and were imaged by scanning electron microscopy (details are given in SI Materials and Methods).
Protein Analysis and Immunoprecipitation. Lumbar spinal cords were homogenized and separated into soluble and insoluble fractions by centrifugation. The soluble fraction was used for immunoprecipitation experiments, and protein levels were determined by Western blot (details are given in SI Materials and Methods).
Gene-Expression Analysis. RNA was isolated from lumbar spinal cords of P150 mice, and libraries were prepared using standard protocols before sequencing using the Illumina platform. ExpressionPlot (63) was used to generate two-way plots (details are given in SI Materials and Methods).
Statistics. Statistics for immunofluorescent, biochemical, and phenotypic analyses were performed using Prism v6.0f (GraphPad Software). ANOVA was followed by the appropriate post hoc tests as indicated.
